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Motivation

ÅIn 1909, Millikan conducted the oil drop experiment to

measure electric charge, ultimately determining the

charge of a single electron.

R. A. Millikan

ÅThe fractional charge search experiment at SLAC

utilizes the Millikan method of determining the

electric charge of falling fluid drops.
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Motivation

ÅIn 1964, quark model was proposed

by Gell-mann and Zweig.

ÅHadrons composed of quarks and

gluons.

ÅDue to the QCD theory, the quarks can

not exist freely (asymptotic freedom and

color confinement).

ÅFractionally Charged Particle (FCP) is

supposed to carry any non-integer charge.

Gell-mann and Zweig
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The possible origins of FCP

Early universe Supernova explosion Extensive air shower

ÅThere are three possible sources of FCP in cosmic rays:

-It may be produced at the early Universe after the Big Bang

-Or high-energy astrophysical processes

-Or extensive air shower of cosmic-rays
5



Searching for FCP with Underground Experiment

Kamiokande II 
depth: 1000 m

MACRO
depth: 1400 m

LSD
depth: 1800 m

(MACRO 2004)

Current strictest upper limit given by MACRO (2004):
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Underground Experiment

Energy loss when a particle passes through the

1000m depth rock

- for muonχ~ 663 GeV

- for 2/3e FCPχ~ 300 GeV

FCP should be with ahighkineticenergy 
(>hundredsof GeV)

muonsôdE/dxin rock/ice

ὨὉ ὓὩὠ
= 2.5

Ὠὼ Ὣ/ὧά2

Space Experiment

A cutoff structure is caused by the earthôsmagnetic field 

Near the equator, proton flux cutoff ~ 10 GeV

2/3e FCP flux cutoff: 6 ~ 7 GeV

FCP could be detected at a lower kinetic 
energy(tens of GeV)

Comparison between experiments
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Searching for FCP with Space Experiment

AMS01BESS

Upper limit (95% C.L.)χUpper limit (90% C.L.)χ
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The results of previous experiments

The flux upper limit versus the inverse charge value
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DArk Matter Explorer (DAMPE)

ÅDArk Matter Particle Explorer (DAMPE) is a space 

experiment for detecting high energy cosmic rays 5 million events/day
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DArk Matter Explorer (DAMPE)

Astropart.Phys.95 (2017)6ï24

- Charge measurement (dE/dx in PSD, STK)

- Gamma-ray converting and tracking

- Precise energy measurement (BGO)

- Hadron rejection (BGO + NUD)

(STK + BGO)
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What can DAMPE do ?

ÅAdvantages of DAMPE compared with other FCP experiments

-Observe FCPs with significantly lower energy (a few GeV)

-Relatively large acceptance

-Long exposure time

Experiment
Geometricalacceptance 

(cm2sr)
Exposuretime (s)

Upper limit 
(cm-2sr-1s-1)

AMS01 3000 3.6Ҏ104 3.0Ҏ10-7 (95%C.L.)

BESS 1500 3.6Ҏ105 4.5Ҏ10-7 (90%C.L.)

DAMPE 3000 2.3Ҏ107 ?
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Assuming the nature of FCP

ÅAssuming the nature of FCPχ

-Massive

-With electromagnetic interaction

-W/O hadronic interaction

-The charge would be 1/3e or  
2/3e

- like a massive lepton (e.g. 
muon)

ÅDAMPE MIPs trigger

ÅTrigger threshold: 0.2 proton MIP

ÅIonization energy loss for 1/3 e FCP å 1/9 MIPι
Not Pass Trigger

ÅIonization energy loss for 2/3e FCPå4/9 MIPι

Pass Trigger

Ourtarget
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Data Sample

ÅFlight dataχ2016.01.01 ~ 2020.12.30

ÅSimulationχ

- proton 10 GeV ~ 100 TeV

- FCP 7 GeV ~ 10 TeV

ωFCPsimulation
- Createda virtual particlein Geant4
- Chargewith 2/3 e

- Add ionizationandmulti scatteringprocess
- Energyspectrumobeythe E-2.7

- Sphericparticlesource
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- Mass 1200 MeV



Sample Selections
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Features of heavy lepton-like FCP
ÅFractional charges
ÅOnly ionization process

Identification heavy lepton-like FCP
ÅCharge measurements
ÅMIP-like event selection



MIP-like Event Selection

ÅMIPs in BGO:

- Over-threshold(2 MeV) hits no more 

than 2 in one layer along the track

- More than 10 layers are required to 

have signals

- One of last two layers should be fired

16

BGO Calorimeter 



Charge Measurement

PSDChargeresolution 
(Chargeunit, c.u.)

STKChargeresolution 
(Chargeunit, c.u.)

Proton 0.06 0.04

Helium 0.10 0.07

PSD STK
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Signal Region

Charge selection 
efficiency ~ 86%
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Signalregion:Peakof MCFCP+3sigma
- Signalregionon PSD̔ Z<0.84e

- Signalregionon STK̔ Z<0.79e



Upper Limit Calculation

ɮ : Flux or flux upper limit ÃÍÓÒÓ

. : Number of observed FCP, no candidate is observed, . is taken 
to be 2.44 at the 90% C.L. by Feldman-Cousins method

Ὕ : Exposure time 2.34¦ 107s

‭ : triggerefficiency, 85.5%̆ givenby MC

‭ : pre-scalefactor 1/4

ὃ : effectiveacceptance 940cm2sr

‭ : signalregionefficiency 86%



Upper Limit of 2/3e FCP

Phys.Rev.D 106,063026

(2022)
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Improve three orders 
of magnitude



Themassvariesfrom 200MeVto 2000MeVwith 
a stepof 200MeVisappliedto the simulation.

The spectrum index varies from -3 to -2 with a 
stepof 0.1isapplied tothe simulation.

MassandSpectrumindexscan
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In the research:FCP mass is 1200 MeV and Spectrum index is 2.7

FCP Mass MeV Spectrum Index
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Prospects for Searching for Light FCP

FCPshould not be constrained to be heavy
lepton
Å Showercanhappen
Å Massmaybe light
Å Electron-like light-mass particle

Energyloss:Bremsstrahlung

Light FCP simulation

Charge:2/3 e Mass:
0.511MeV
Kineticenergy:7 GeV- 1 TeV
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Prospects for Searching for Light FCP
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HeavyFCP LightFCP
Different behavior

Features of light lepton-like FCP
Å Fractional charges
Å Ionization process
Å Bremsstrahlung process
Å Electromagnetic shower

We can measure their energy by 
BGO calorimeter



Prospects for Searching for Light FCP
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in i-th incident energy bin
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In this case, we can provide differential results with kinetic energy-dependent 
spectrum.

MC



Summary

ÅSpace experiments can detect FCPs with energy as low as 

a few GeV

ÅNo 2/3e FCP signals are observed and a flux upper limit of

ū< 6.2 Ĭ10-10 cm-2sr-1s-1 is established at the 90% C.L..

ÅResult is published in Phys. Rev. D 106, (2022) 6-15 

ÅRecord in Particle Data Group

ÅSearching for Light FCP is on-going.

25

Thankyou!

https://link.aps.org/doi/10.1103/PhysRevD.106.063026
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Selections
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Charge Measurement

PSDChargeresolution 
(Chargeunit, c.u.)

STKChargeresolution 
(Chargeunit, c.u.)

Proton 0.06 0.04

Helium 0.10 0.07

PSD STK
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Charge Reconstruction
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Plastic Scintillator Detector (PSD)

ÅPSD is located on the top of the payload

-Active area: 82 cm Ĭ82 cm

-Number of planes: 2

-41 strips each layer

-Overall efficiency Ó0.9975for charged 
particles
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Silicon Tungsten tracKet (STK)

ÅStructure of STK

-Pitch of silicon micro-strip: 121 ɛm

-Active area: 75.8 Ĭ75.8 cm2

-6 Planesε6X + 6Yζ

-Three 1 mm thickness tungsten  
layers embed in the STK
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BGO calorimeter

Å14 Ĭ22 BGO crystal array

-Dimension of a BGO barχ2.5Ĭ2.5Ĭ60cm3

-Layers are alternated in an orthogonal way

ÅThicknessχ 32ὢ0,1.6‗Ὅ
ÅEach end of BGO bar is coupled to a PMT

32


